We have performed broadband color photometry of the twelve brightest irregular satellites of Saturn with the goal of understanding their surface composition, as well as their physical relationship. We find that the satellites have a wide variety of different surface colors, from the negative spectral slopes of the two retrograde satellites S IX Phoebe (S ′ = −2.5± 0.4 %/100nm) and S XXV Mundilfari (S ′ = −5.0 ± 1.9 %/100nm) to the fairly red slope of S XXII Ijiraq (S ′ = 19.5 ± 0.9 %/100nm). We further find that there exist a correlation between dynamical families and spectral slope, with the prograde clusters, the Gallic and Inuit, showing tight clustering in colors among most of their members. The retrograde objects are dynamically and physically more dispersed, but some internal structure is apparent.
Introduction
The satellites of Saturn can be divided into two distinct groups, the regular and irregular, based on their orbital characteristics. The regular satellites are believed to have been created in a scenario similar to the Solar System, accreting out of a circumplanetary disk of gas and dust. They are thus on prograde, nearly circular orbits close to the equatorial plane of their host planet. The irregular satellites are thought to be captured heliocentric objects, but their origin or capturing processes are not well understood.
The first irregular satellite of Saturn was S IX Phoebe, discovered by W. Pickering in 1898. It would not be until a full century later that the next irregular satellite of Saturn was announced, when Gladman et al. (2001) reported their discovery of 12 new irregular satellites, ranging in size from 5 to 35 km in diameter. Subsequent surveys by Sheppard et al. (2003 Sheppard et al. ( , 2006 and have raised the number of known Saturnian irregular satellites to a total of 35.
The irregular satellites of Saturn were recognized to be clustering in orbital elements by Gladman et al. (2001) . They suggested that the clustering was due to the breakup of several larger progenitors, similar to the creation of the asteroidal families. The Saturnian irregular satellites seem to make up two clear prograde families, named after Inuit and Gallic gods respectively, and a much more dispersed retrograde group, named after the Norse ice giants. It is not clear whether theses retrogrades are fragments of one or more captured progenitors, although the great dispersion of the 18 known retrograde satellites makes the idea of several progenitors more likely. To test the hypothesis that the dynamical families are indeed fragments of larger progenitors Grav et al. (2003) presented BV RI photometry of 8 saturnian irregular satellites. The prograde families were indeed found to have homogeneous colors, but only 3 of the objects had 1-σ uncertainty less than 0.05 across all color, making it hard to strongly argue in favor of the hypothesis proposed by Gladman et al. (2001) .
In order to place constraints on the many capturing mechanisms that have been proposed to cause the creation of the irregular satellite population, it is necessary to understand the number of events needed to create the currently observed dynamical structure. Irregular satellites are generally considered to have been captured by their host planets from heliocentric orbits Gladman et al. (2001) . Due to the time reversibility of the pure gravitational three-body capture (sun-planet-satellite) the object is only temporarily in orbit around the planet unless some dissipative mechanism exist to make the capture permanent. At least five different processes have been proposed: 1) capture due to collisions between a temporarily captured object and an existing satellite, or between two temporarily captured objects (Colombo and Franklin, 1971; Gladman et al., 2001) ; 2) capture due to a mass increase in the host planet (Heppenheimer and Porco, 1977) ; 3) capture due to gas drag from a gas envelope or gas disk around the planet (Pollack et al., 1979; Ćuk and Burns, 2004a) ; 4) capture through three-body interaction with other temporarily captured objects ; 5) capture during planetary resonance passage (Ćuk and Gladman, 2006) . It is evident that a better understanding of the physical and dynamical structure of the irregular satellites, as well as determining the number of capturing events, is essential in constraining and potentially eliminating some of these proposed mechanisms. Note that it is still not clear whether one mechanism dominates the capture, or whether the irregular satellites observed today are the result of capture through several of the proposed mechanisms.
The study of the physical characteristics of the irregular satellites is also an integral part in determining the origins of the progenitors. Understanding where the irregular satellites originate from and how they reached the phase space of the giant planets is essential in order to improve our understanding of the transfer of matter within the early Solar System. Several origins have been proposed for the irregular satellites. Ćuk and Burns (2004a) proposed that the Himalia family originated among the Hilda asteroids in the outer main asteroid belt. The recent flyby of S IX Phoebe by the Cassini spacecraft just 19 days before orbital insertion into the Saturnian system provided a wealth of new information. Johnson and Lunine (2005) argued that the measured density of Phoebe, at ρ ∼ 1630 ± 45kgm −3 , indicates that Phoebe has its origin in the outer Solar System. Origins among the trojan population and local population of planetesimals at the later stages of giant planet formation has also been proposed. This paper presents optical photometry collected using the GMOS-N imager on the 8m Gemini North telescope and the LRIS-R&B imager on the the 10m Keck I telescope in preparation for thermal observations of the irregular satellites with the MIPS instrument on the Spitzer Space Telescope. It also provides an errata to a measurement of Albiorix published in Grav et al. (2003) .
Observations
Optical photometry of 7 Saturnian irregular satellites in the g ′ , r ′ , i ′ and z ′ SSDS-filters were collected through queue observations on November 9th and 10th, 2004 and classical observing on April 13th and 15th, 2005, both using the GMOS-North instrument at the 8-m Gemini Observatory on Mauna Kea, Hawaii. Optical photometry of 8 Saturnian satellites were also collected in the Johnson-KronCousins BVRI filters on January 6th, 2005, using the LRIS-R&B imager on the 10m Keck I telescope, also located on Mauna Kea, Hawaii. In addition we report the re-reduction of one observation from the Grav et al. (2003) that was found to contain errors. The observational circumstances are given in Table 1 .
The data were collected by observing each object in a RBBRVVRIIR sequence (or the equivalent for the SSDS filter set), to make sure that rotational light curve effects did not influence the computed colors. All images were taken with sidereal tracking and the exposure time was kept short enough to avoid trailing of the satellites. Images in each of the filters were then combined to increased the signal-to-noise ratio of the science targets.
The collected data was reduced using aperture corrected photometry with the IRAF/DAOPHOT package (Tody, 1993; Davis, 1994) . Science target apertures were selected at ∼ 1.3 × fwhm and aperture correction values were determined using outer apertures of 3 − 4 × fwhm on ∼ 8 − 12 field stars. Background flux were calculated using an aperture from ∼ 4 to ∼ 8 times the fullwidth-half-max (fwhm) of the fields point spread function (psf). Zero point magnitudes, airmass and color corrections were determined using a set of Landolt (1992) standard stars taken on the same nights as the science observations. In order to compare the resulting photometry the SSDS filtered observations were converted to the BVRI filter system. Transformation equations between the SSDS photometric system (g ′ r ′ i ′ z ′ ) and the standard Johnson-Kron-Cousins system (Johnson and Morgan, 1953; Cousins, 1978) are given in Fukugita et al. (1996) .
Results
With this survey we have performed accurate color broadband photometry of the 12 most luminous Saturnian irregular satellites. We have observed all but one of the prograde satellites (S/2004 S11 in the Gallic family was not observed) and 1/5 of the known retrograde satellites of Saturn. This survey thus constitutes the most comprehensive study of color photometry of the irregular satellites to date. The results are given in Table 2 and show that the colors and spectral slopes of the Saturnian irregular satellites are consistent with C-, D-and P-type asteroids. Solar colors were adopted as B −V = 0.67, V − R = 0.36 and V − I = 0.71 (Jewitt and Luu, 1998) .
The colors were converted to reflectance and the resulting broadband spectra are given in Fig. 4 , 5 and 6 for the Gallic, Inuit and retrograde clusters, respectively. The spectral slope, S 
where C and C sun are the colors of the object and sun, respectively. ∆λ is the wavelength difference between the two filters that make up the color. The value given for S ′ 1 in Table 3 are found using the B −I colors of the objects and the sun. Since some of the satellites have apparent non-linear features, we also fitted the four reflectances to a linear slope S ′ 2 using a linear regression method. Note that for the non-linear slopes of S XXIII Suttungr and S XXX Thrymr the fit was done excluding the V filter reflectance. Fitting the S ′ 2 gave similar values to the S ′ 1 calculation. However, S ′ 2 is generally a better solution when the normalized reflectance's deviate significantly from a linear solution, as it uses all four points (or in some cases three points) rather than the two used in calculating S ′ 1 . To capture the non-linearity we also fit linear slopes for the BV R filters, S ′ 2(B−R) , and for the RI filters, S ′ 2(R−I) . All four values for the spectral slope is given in Table 3 . Using the spectral slope to taxonomy class values given in Dahlgren and Lagerkvist (1995) , we define taxonomy classes for our objects (again see Table 3 ). It should be noted that the spectral slopes used in Dahlgren and Lagerkvist (1995) are based on the spectral slope in the range 400 − 740nm, while our slopes span the range 430 − 900nm. Since most of the slopes are near linear, we can still safely use the literature values for comparison. The results are plotted in Fig. 7 and show that the Saturnian irregular satellites contain a more or less equal fraction of C-, P-and D-like objects. One object, Ijiraq, has a spectrum that is marginally redder than the D-type objects and we define this as an MR-type object (15% < S ′ 2 < 25%). No objects appears to have the ultra-red matter (UR-type, S ′ 2 > 25%) found in the trans-neptunian population (Jewitt, 2002) .
We also look for evidence for the weak absorption feature near 0.7µm that has been attributed to an Fe 2+ → Fe 3+ . This feature has been shown to appear in spatially resolved spectra (Jarvis et al., 2000b) and in ∼ 50% of the main-belt C-type asteroids through both reflectance spectra and photometry (Vilas, 1994; Bus and Binzel, 2002; Carvano et al., 2003) . Using data from 27 low-albedo asteroids, Vilas (1994) showed that there were a ∼ 85% correlation between the 0.7µm and the 3.0µm spectral feature due to water hydration. The weighted mean values of the 0.7µm test for all available observations are given in Table 4 .
The observed magnitudes were reduced to absolute magnitudes using the formula
where the first correction term is the distance modulus, with r and ∆ representing the object's distance from the Sun and observer, respectively. The second correction term is the phase modulus. Using the available observations (both from this paper and literature in general) of the saturnian irregular satellites we fit H(1, 1, 0) and G using a Levenberg-Marquardt least square method. These values are given in Table 4 and the fits are plotted in Fig. 8 to 10. Note that several of the less observed objects have very poor solutions and additional photometric observations are badly needed to better constrain and utilize the phase curve as a marker for relationships between the irregular satellites of Saturn. However, using the fitted value for the absolute magnitude and assuming an albedo of p R = 0.06 we calculate the diameter of the saturnian irregular satellites observed in this paper (see Table 4 ). It should also be noted that without knowledge about the rotational light curve caution should be taken in reading to much into the phase curve parameter. For example, data collected by the authors do show that Ymir has a large rotational light curve amplitude (∼ 0.4 magnitudes) and, while the phase curve fit does not show much scatter around the fit, care is needed when interpreting the result. In order to study the collisional events as a possible mechanism behind the creation of the apparent dynamical family structure, we used the Gauss equations to calculate the dispersion velocity needed to moved the orbits of the fragments from that of the progenitor (Nesvorný et al., 2003 (Nesvorný et al., , 2004 Grav et al., 2003) . We further use the same method as Nesvorný et al. (2004) to compute the size of the impactor needed to create such a dispersion velocity assuming that 10% of the impact energy is deposited into the fragments as kinetic energy. Using the derived sizes from Table 4 and an assumed density of ρ = 1.6 g/cm 3 (Johnson and Lunine, 2005) for all bodies we can determine a likely scenario for the collision and fragmentation. Since the collision rates among the satellites or with cometary objects are too low to explain the apparent family structures (Nesvorný et al., 2004) , we use remnant planetesimals from early epochs of the Solar System in an attempt to determine the disk mass needed to create the families. We use the same three size distributions as Nesvorný et al. (2004) , and note that the size distribution based on studies of the in situ formation of the Kuiper belt (Stern, 1995; Kenyon and Luu, 1998; Kenyon, 2002) is an unlikely analog to a disk of remnant planetesimals at Saturn. Nesvorný et al. (2004) showed that this distribution (called C in their work) would catastrophically disrupt even the smallest of the known Saturnian irregular satellites, unless the disk have a mass M disk 10M ⊕ .
The Gallic Family
This dynamical group is centered around 37
• inclination and currently four members are known (see Table 5 ). Their semi-major axes are also tightly clustered, a avg = 207 − 302 saturn radii (R S ), compared to the large spread among all the known Saturnian satellites, a avg = 186 − 412R S . The largest member, S XXVI Albiorix, is also the object with the lowest semi-major axis among the group, a avg = 271R S . This provides evidence that any fragmentation must have happened after any substantial gas envelope dissipated. All the members have high average eccentricity, e avg = 0.46−0.53, which together with the tight clustering in inclination, strongly suggest that the four objects have a common origin.
We observed three of the four known members of this family and find, contrary to our earlier work (Grav et al., 2003) , that the family does not have homogenous colors (see Fig. 1 ). The new observations show that Albiorix has a significant steeper spectral slope, at S ′ 2 = 12.5 ± 0.4%, compared to S XXI Tarvos and S XXVIII Erriapo, with slopes of S ′ 2 = 5.4 ± 1.0% and S ′ 2 = 5.1 ± 0.7% respectively. This results does not support the hypothesis that the three objects are fragments of a larger progenitor. However, a closer look at the individual observations show that Albiorix has a large span of different spectral slopes, from S ′ 2 = 5.3 ± 0.8% in the observations on January 6th, 2005, to S ′ 2 = 14.9 ± 0.5% in the observation on April 13th, 2005. It is thus evident that the colors of Albiorix varies over its surface. Figure 4 shows the reflectance spectra of these three objects. It is easily seen that Tarvos and Erriapo have linear slopes to the 1σ confidence level, while Albiorix has a linear slope at a 3 − σ (lower) confidence level in the January 2005 observations. The April 2005 observation, however, is significantly non-linear with a very steep slope from the B-to the R-filter (S ′ 2(B−R) = 19.0 ± 0.7) and a shallower R-to I-filter slope (S ′ 2(R−I) = 5.6 ± 1.2). The two new observations of Albiorix reported in this paper are displayed separately in Fig. 4 clearly showing their differences. The slope of the January 2005 observation of Albiorix is remarkable similar to the slopes of both Tarvos and Erriapo. We thus hypothesize that Tarvos and Erriapo are the largest fragments from an impact on Albiorix, leaving a less red crater. The phase curves of this family further supports the notion that the objects are indeed of similar origin (see Fig. 8 ). Their phase curves are all fairly shallow, with a weighted mean phase slope of G = 0.39. The Gallic irregular satellites thus span the range for main belt asteroids (G ∼ 0.1 − 0.5; Bowell et al., 1989) . Additional observations are needed to further constrain the phase curve fits for both Tarvos and Erriapo.
The question is now whether a cratering event is possible for Gallic satellites. We find that a dispersion velocity of ∼ 90 m/s needed to displace both the two smaller satellites to their current orbits from that of Albiorix. Such an impact could have been the result of ∼ 1.25km planetesimal hitting with a collisional velocity of 4.79 km/s. The impact would be just sub-catastrophic, excavating a crater with a radius of ∼ 12 km. Such a collision has a 50% probability of happening for a disk with M disk 50 −100M ⊕ , depending on the size distribution of planetesimals. While this is a substantial disk, the many large craters on Phoebe is further evidence of such a massive disk (Porco et al., 2005) .
It is important to note thatĆuk and Burns (2004b) found that the primordial dynamical distribution of this family of objects may have been significantly altered when the Great Inequality resonance (ξ = 5λ S − 2λ J − 2̟ − ̟ S ) swept through the region during the migration of Jupiter and Saturn to their present configuration. This of course complicates our understanding of this family, and as mentioned byĆuk and Burns (2004b) more study of the impact of this resonance on the Gallic family is indeed needed. In particular, it would significantly help our understanding of the evolution of the irregular satellites to know whether this resonance favors the phase space currently inhabited by the Gallic family for capture. If so, it could be that the Gallic cluster is populated by objects that during the sweeping of the Great Inequality resonance during planet migration was moved into the cluster from a larger region of the surrounding phase space. Such a study, coupled with the determination of any variations in color on the surface of Albiorix, would indicate whether these objects are indeed fragments from a cratering event on Albiorix, rather than the products of individual captures.
The Inuit Family
The Inuit cluster is centered around ∼ 45
• inclination and have four known members. Their semimajor axes are more spread out, a avg = 186 − 297R S , than the Gallic cluster, but is still fairly clustered compared to the large spread of all the Saturnian irregular satellites. The eccentricities are also clustered, with average values e avg = 0.29 − 0.35. This points to a common origin for the members of this cluster.
For the Inuit family we observed all the four known members and the broadband colors and spectra are shown in Fig. 2 and 5, respectively. The results show that this cluster is very interesting, showing both dynamical and physical diversity. All the four members of this dynamical family have been reported as possibly caught in resonances Cuk et al., 2002; Nesvorný et al., 2003) . In order to confirm this we used updated orbits from observations taken between 2000-2006, and numerically integrated the four objects using a Wisdom-Holman symplectic mapping scheme (Wisdom and Holman, 1991) for 10 7 years. The results confirm that S XXII Ijiraq and S XXIV Kiviuq are found to reside in the Kozai resonance, while S XXIX Siarnaq resides in the secular resonance g − g S = 0, where g and g S are the satellite and saturnian apsidal frequencies. As reported by Nesvorný et al. (2003) , we also find that S XX Paaliaq does not seem to be associated with the g − g S = 0 secular resonance.
S XX Paaliaq, S XXIV Kiviuq and S XXIX Siarnaq
The colors of the three satellites, Siarnaq, Paaliaq and Kiviuq, are very similar with a spectral slope range of S ′ 2 ∼ 10.0 − 13.2. Paaliaq has a somewhat shallower slope than the two others, but also has the largest uncertainties of the three. The colors are very similar, with matching colors values in B −V , V −R and V −I at the 1−, 2− and 3−σ levels, respectively. All three objects also test positive for the 0.7µm-feature, based on the method proposed by Vilas (1994) . The reflectance spectra of these three objects are shown in Fig. 5 and the similarity is easily seen. All the color determinations of these three objects given in this paper is found to have linear slopes at a 2σ confidence level.
When comparing the phase curve slope parameter, G, of the Inuit cluster it is seen that both Paaliaq and Ijiraq have steeper phase curves than Siarnaq and Kiviuq. The fits for Ijiraq and Kiviuq is poor, however, due to only having two accurate photometric measurements each. The phase curve parameter derived for Siarnaq, G = 0.27 ± 0.04, is lower than reported in Bauer et al. (2006) , but the two values are within the 1σ confidence level of each other. The new value puts Siarnaq in the mid-range for main belt asteroids (G ∼ 0.1 − 0.5; Bowell et al., 1989) , but higher than the usual values for C-, P-and D-type asteroids (G ∼ 0.09 ± 0.09; Harris et al., 1989) . The opposition surge of ∼ 0.2 magnitudes seen in Siarnaq by Bauer et al. (2006) is not as narrow in our new fit. In fact none of the irregular satellites observed show any strong opposition surge, consistent with a high albedo surface (Tholen and Tedesco, 1994) .
S XXII Ijiraq
Ijiraq is distinctly different from the three other members of this dynamical family. Its colors are moderately redder than the others and it does not show any indication of the 0.7µm-feature. The moderately red color found for Ijiraq does not, to our knowledge, appear anywhere in the inner solar system, indicating that its origin is the outer solar system where this color is common. The steep phase curve slope further support the outer solar system as an origin for Ijiraq. With a phase curve parameter of G = −0.14 ± 0.22 it is very similar to the phase curves of the Centaur population (G ∼ −0.13 − 0.04; Bauer et al., 2003 Bauer et al., , 2006 Rousselot et al., 2005) .
The Retrograde Satellites
There are currently 26 known retrograde Saturnian irregular satellites and they show dramatic dynamical and physical variety. The average semi-major axes of these satellites span the range from 213R S to 412R S and they have average inclinations varying from 138
• to 176
• . Even the average eccentricities show large variety from the low average eccentricity of S XXIII Suttungr, e avg = 0.115, to the highly eccentric S/2004 S18, e avg = 0.501. The retrogrades are thus unlikely be the result of a single capture and subsequent fragmentation. However, it is possible there exist smaller family clusters among the retrograde Saturnian irregular satellites, and using dynamical studies together with the photometric colors and phase curves reported in this paper will make searching for such families possible.
The colors of the 5 retrograde irregular satellites are shown in Fig. 3 , together with the colors of Phoebe and Ymir (Grav et al., 2003) . It is seen from this figure that the observed satellites can be grouped into three different groups:
S XIX Ymir, S XXIII Suttungr, S XXX Thrymr
Comparing the results to earlier observations from Grav et al. (2003) reveals some interesting results. Interestingly the B-V color for Ymir has been found to have changed significantly. Furthermore, recent observations by the authors to determine the rotational light curve for Ymir show that the object has a significant peak-to-peak amplitude of ∼ 0.4 magnitudes. It thus seems likely that Ymir has significant surface variegation and most likely an irregular shape. The result from Grav et al. (2003) is similar to the colors and slopes of Suttungr and Thrymr found in this paper, both which have similar mean orbital elements to Ymir (see table 5 ). This leads us to speculate whether Suttungr and Thrymr might be fragments broken off Ymir during an impact event. The fact that the two fragments have shallow slope (indicating that their surfaces have not been reddened by exposure to cosmic rays) might be an indication that the impact may have been fairly recent.
The broadband colors of Suttungr and Thrymr show a sharp dip in the V filter, as can be seen in Fig. 6 . The While the slope of Thrymr barely can be fitted to a straight line at the 3σ confidence level giving S ′ 2 = 1.1 ± 0.8, the dip in the reflectance spectra of Suttungr is significant even at the 3σ confidence level when using the best fit. A similar, but less significant trend is also seen in the observation of Ymir reported in Grav et al. (2003) . We thus believe that the feature is indeed real, but confirmation of this feature is needed either through more accurate broadband photometry or low-resolution spectra. The LRIS B-and V-filters have a central wavelength of λ c = 436.9 nm and λ c = 543.7 nm with fwhm values of ∆λ = 88 nm and ∆λ = 92 nm, respectively. It is therefore possible that what is seen is a positive feature at wavelengths just below 400nm that increases the flux in the B-filter, rather than an absorption feature in the V filter. Such behavior is known among some objects in the cometary population (such as P/Tuttle and IRAS-Araki-Alcock; Tholen and Zellner, 1984) and the jovian irregular satellites J XI Carme (Luu, 1991) . Spectra of H 2 O-, C 2 O-and NH 3 -frost all show a significant upturn in the U-filter (Hapke et al., 1981) . All of these types of frost have distinctive features in the near-infrared, thus Ymir, Thrymr and Suttungr are prime candidates for searching for these features. While near-infrared spectra will be nearly impossible to do on these three faint objects, careful preparation might allow for the collection of JHK photometry for these two satellites. Photometric observations in the U-filter would also be very helpful to confirm the possible upturn at low visible wavelengths.
The notion that these smaller bodies are fragments of Ymir is, however, put into question by a quick look at their orbital elements. Computing dispersion velocities based on Gauss equations we find that Thrymr, S/2006 S4 and S/2004 S8 can be explained with a dispersion velocity of δV ∼ 175 m/s. Suttungr , however, needs a dispersion velocity of δV > 300 m/s, due to the large difference in eccentricity (from 0.338 to 0.115). These dispersion velocities are again significantly higher than what is expected from a fragmentation event (Benz and Asphaug, 1999; Pisani et al., 1999; Michel et al., 2002) . Using the formalism from Nesvorný et al. (2004) and assuming that ∼ 10% of the impact energy is used to disperse the resulting fragments we find that in order for the four fragments to be related to Ymir, the progenitor was impacted by a ∼ 1.75km large body. The resulting impact energy using the collisional velocity of 4.63 km/s (Nesvorný et al., 2004) is actually on the same order of magnitude as the energy needed to fully disrupt the progenitor. While the dispersion velocity is high and needs explaining, the significant amplitude of Ymir and the similarities of the colors supports the hypothesis that these objects are indeed the fragments of a catastrophic disruption of a progenitor with a radius of ∼ 17 km. Again using the Nesvorný et al. (2004) formalism such a collision has a probability greater then 50% for a protoplanetary disk masses M disk 120 − 160M ⊕ , depending on the size distribution of the residual planetesimal disk.
While we have determined phase curve parameters for Ymir, Suttungr and Thrymr in this paper, it should be noted that all fits have problems. Both the fits of Suttungr and Thrymr are very poor, with only one accurate photometric observation each (reported in this paper) and a few measurements reported to the MPC (for which we have assumed an uncertainty of 0.25 magnitudes). Additional photometric observations of these two satellites at a variety of phase angles are necessary in order to better constrain their fits, and thereby allowing us to compare the results to the other irregular satellites. The phase curve fit for Ymir has a low formal error (G = 0.01 ± 0.06), but caution has to be taken. Data collected by the authors, but still in early stages of reduction, show that the rotational light curve has a significant peak-to-peak amplitude. It is therefore surprising to find such a good fit for the phase curve parameters. However, since the determination of any rotational light curve for Ymir is still unconfirmed we stand by the current fit, while cautioning the reader. Even with the poor fits it seems clear that Suttungr has a fairly shallow slope (G = 0.68 ± 0.46) compared to the steep slope of Thrymr (G = −0.22±0.39). This would suggest that the two satellites have different surface composition and are therefore unlikely to have a common origin. Furthermore, the phase curve for Ymir is also steep (G = 0.01 ± 0.06). This together with the high dispersion velocity needed to move Suttungr to its present orbit from that of Ymir, we conclude that it unlikely that these two objects have a common origin. It is clear that additional study of these objects is necessary in order to better understand any relationship between these objects.
The neutrally colored objects: S IX Phoebe and S XXV Mundilfari
Mundilfari is a small moon, d ∼ 8km, that has average orbital elements of a = 308R S , e avg = 0.211 and i avg = 167.0
• . There exists at least two other satellites with similar orbital elements, S/2004 S17 (320R S ,0.181,167.8
• ) and S/2004 S13 (303R S ,0.259,168.8 • ) that may have the same origin as Mundilfari. It would be extremely interesting to get color photometry of these two faint satellites, as a similar slope to that of the larger Mundilfari would be strong evidence of a collisional family within the retrograde irregular satellites.
Mundilfari is found to have a neutral to blueish spectral slope, S ′ 2 = −5.0 ± 1.9, which is linear at the 2σ confidence level. It is seen to have a very shallow feature in the V filter, similar to that of Suttungr and Thrymr. Its colors are similar to the colors of Phoebe at the 2σ confidence level and the slope is linear at the 2σ confidence level. The similarity with Phoebe leads us to believe that Mundilfari might have Phoebe as its origin. A dispersion velocity of δV ∼ 450m/s is needed to disperse Mundilfari to its current position, assuming that it is a fragment from a cratering event on Phoebe (Grav et al., 2003; Nesvorný et al., 2003 Nesvorný et al., , 2004 . Again assuming that ∼ 10% of the impact energy is used in the dispersion of fragments and a collision velocity of 5.07 km/s (from Nesvorný et al., 2004 ) the impacting body is 2 km in radius and would excavate a crater with a diameter of 24km . Images from the Cassini-Huygens space craft show that Phoebe is covered with craters ranging from 100km in diameter and down (Porco et al., 2005) . It should be noted that again the dispersion velocity is significantly higher than results from laboratory tests or hydrocode simulations.
Unfortunately, no other accurate photometric observations exist of Mundilfari. Thus an accurate phase curve can not be determined. Using the inaccurate photometric measurements reported with astrometry to the Minor Planet Center the phase curve is fitted with an essentially flat slope, but the accuracy of the fit makes any comparisons of little worth at this point. Additional observations of Mundilfari at both low and high phase angles are necessary to test whether it has the same phase curve parameter as Phoebe.
S XXVII Skathi
This satellite has a spectral slope of S ′ 2 = 5.2 ± 2.8, which identifies it as a P-type surface. The slope is linear and appears featureless at the 1σ uncertainty level. Its colors is very similar to that of Ymir, but it's orbital parameters make any association with Ymir unlikely. It should be noted that Skathi is currently in the region of phase space where secular resonances might have significantly influenced it, but currently its longitude of perihelion, ̟, is circulating in the direction of its orbital motion (Ćuk and Burns, 2004b) . The relationship to the other irregular satellites in its vicinity, particularly S/2004 S19, remains uncertain. Further color photometric observations of the many new retrograde satellites are needed to further explore the existence of possible families, which would help constrain the number of captures needed to create the current distribution.
The lack of ultra red matter among the Saturnian irregular satellites
It is widely believed that the irregular satellites are captured bodies that were formed in the planetesimal solar disk independent of the planets. The color distribution of the Saturnian irregular satellites give little in suggestions for their source region, but non the less it is generally assumed that the irregular satellites (especially those of the outer planets) have an origin in the outer solar system. Figure 11 shows the spectral distributions of possible source populations to the irregular satellites. The data for the main belt asteroids and trojans was collected using objects in the SDSS Moving Object Catalog with photometry with δm < 0.05 (Ivezic et al., 2002) . Values for the Centaur population was computed from observations in Peixinho et al. (2003 Peixinho et al. ( , 2004 and the Kuiper Belt population was taken from Jewitt (2002) . The distributions show that the irregular satellites of Saturn might have two sources, one in the main asteroid belt, and one in the outer Solar System. The high number of negative sloped, bluish sloped satellite is hard to explain from the distribution of Centaurs or Kuiper belt objects, thus leading us to speculate that the inner population of Jovian trojans or main belt asteroids might supply a fraction of the irregular satellites. This is of course counteracted by the fact that Phoebe is one of these negative, bluish sloped objects. The density of Phoebe is the best evidence that it accreted in the outer solar system (Johnson and Lunine, 2005) .
However, if we assume that the origin of the Saturnian irregular satellites is in the outer Solar Systems it seems unlikely that no object with a surface covered by ultra red matter (URM) would be captured. No such ultra red matter is seen among the irregular satellites. Ijiraq, with a spectral slope of S ′ 2 = 19.5 ± 0.9, is the highest sloped Saturnian irregular satellite. This is significant less then the URM covered surfaces, S ′ = 25 − 50% per 100 nm, found among the Centaurs and Kuiper belt. The same lack of URM is evident in the cometary nuclei, which are also believed to have their origins in the outer solar system (Jewitt, 2002) . Several possible explanation exist for the lack of URM among the Saturnian irregular satellites.
While the low density of Phoebe points to the outer Solar System as the origin, it does not necessarily mean that it accreted in the trans-Neptunian populations. It is quite reasonable that the low density is due to the object originated in the protoplanetary disk between the planets. While the giant planets accreted most of the planetesimals in this region, a significant residual disk could survive for some time after the giant planets have built their cores. It is possible that some of these residuals could be captured into irregular satellites. No currently known objects is believed to have its origin in the region of the giant planets, so it is difficult to determine what the density of such a residual planetesimal would be. It seems, however, unlikely that the density would differ greatly from that of the more distant trans-Nepunian populations.
The irregular satellites are believed to have been captured during the later epochs of giant planet formation. It is therefore possible that the lack of URM is simply the fact that the time scale of space weathering in the outer Solar System is longer than that of giant planet formation. This means that as objects were scattered inwards from the trans-Neptunian populations and captured by the planets, their surfaces were not yet heavily reddened by space weathering effects. These effects should be significantly stronger in the outer Solar System than in the region of the giant planets, leaving the surfaces of the irregular satellites with much lower spectral slopes than their source population.
The Nordic satellites as the source of Iapetus dark side
Iapetus is unique among the satellites of Saturn in that the surface on the hemisphere facing in the direction of motion is very dark, on the order of a few percent, while the opposing hemisphere has an albedo roughly ten times greater. Cassini data have shown that while the NIR spectra of the brightest terrains are consistent with a nearly three-quarters water-ice composition, the darker terrain's 1-5 µm spectra are consistent with water-ice surface concentrations on the order of a few percent at most. Ferric absorption bands have also been seen in the Cassini spectrum of dark material. Similar bands were reported earlier in ground-based spectra of the dark side of Iapetus, and in spectra of the darkest terrain on Hyperion (Vilas et al., 1996; Jarvis et al., 2000a) , and were used to show a possible common origin for the dark material on the two satellites. The hypothesis of a similar origin for the dark material of Hyperion and Iapetus was further supported by the successful application of a two-component model (composed of icy and dark D-type asteroidal material) by Buratti et al. (2002) in the analysis of high-resolution ground-based optical spectra. Hence, it has been proposed that the dark material that coats the dark, low-albedo leading side of Iapetus might have an exogenous origin. Furthermore, its origin may be from among the retrograde irregular satellites (Soter, 1974; Cruikshank et al., 1983; Buratti and Mosher, 1995; Vilas et al., 1996; Owen et al., 2001) and that the same source may possibly coat the surface of Hyperion to a lesser extent. The low-albedo surface of Iapetus has a spectral slope of S ′ 2 ∼ 7.2% (Tholen and Zellner, 1983) . Phoebe was the satellite originally proposed as the common source of the dark material, with Poynting-Robertson drag as the potential transport mechanism (Soter, 1974) . However, the C-type spectra of this largest irregular satellite is not compatible with the theory that Phoebe is the direct source of the material . Some closer matches exist among the irregular satellites from the retrograde group in our color-photometry data. The best candidates for the source of this material thus far are Ymir and Skathi, which exhibit spectral slopes of 5-8 percent, but the future task remains to compare the material spectroscopically.
Conclusions
• The Saturnian irregular satellites show a surprising diversity in colors, ranging from neutrally colored Phoebe and Mundilfari, to the moderately red colors of Albiorix and Ijiraq.
• None of the observed satellites exhibit ultrared surfaces, as have been observed in the transNeptunian populations.
• The surface of Albiorix appears to be variegated (at a > 3 − σ level). Two of the other Gallic family members we sampled have similar spectral slopes as one portion of Albiorix's surface terrain, and could possibly be products of a collision with the larger irregular satellite. A common origin is furthermore supported by their shared shallow phase curve behavior.
• We find a strong agreement in the spectral slope of three of the four Inuit family members we have sampled, possibly indicative of a common origin.
• The surface of Ymir also appears to be variegated and may be the parent body of Thrymr and Suttungr, broken apart due to a collision with a ∼ 2 km body.
• Our regtrograde sample of satellites show marked diversity. However, two members, Phoebe and Mundilfari, both show uniquely blue slopes, while dynamical arguments support the possibility that they too may have a common origin.
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6 Table Captions   Table 1 : The time, instrument and geometry of the observations reported in this paper are shown. The solar, r, and observer, ∆, distance of the object is given in AU. The phase angle, α, is given in degrees. Notes a,b,c are given in order to better understand which observation of each object corresponds to values given in the subsequent tables. Table 2 : The color photometry with 1σ uncertainties are given. Notes a,b,c are given in order to better understand which observation of each object corresponds to values given in the other tables. Table 3 : The spectral slopes of the observations are given. All slopes are given in % per 100nm and all uncertainties are 1σ. Notes a,b,c are given in order to better understand which observation of each object corresponds to values given in the other tables. Table 4 : Physical parameters computed based on the available observations of the irregular satellites of Saturn. H(1, 1, 0) and G values of Phoebe taken from Bauer et al. (2006) . Mean radius of Phoebe is taken from Porco et al. (2005) . Table 5 : : Based on 10 7 y integrations using a Wisdom-Holman symplectic mapping scheme (Wisdom and Holman, 1991) based the current best fit orbits from the Minor Planet Center (Marsden, personal communications). 
Taxonomy Notes Albiorix 4.3 ± 0.9 5.3 ± 0.8 11.4 ± 1.5 −2.2 ± 1.3 P a 12.7 ± 0.6 14.9 ± 0.5 19.0 ± 0.7 5.6 ± 1.2 D b 11.1 ± 3.7 12.9 ± 4.1 12.7 ± 5.9
12.3 ± 9.5 D c, 1) 12.5 ± 0.4 17.3 ± 0.6 2.7 ± 1.0 Mean Tarvos 5.3 ± 1.2 5.4 ± 1.0 8.1 ± 1.7 2.2 ± 2.0 P Erriapo 4.5 ± 0.9 5.1 ± 0.7 4.0 ± 1.7 6.1 ± 1.6 P Siarnaq 12.2 ± 0.3 13.2 ± 0.3 14.3 ± 0.6 12.3 ± 0.8 D a 11.8 ± 0.8 12.5 ± 0.9 9.8 ± 1.4 17.3 ± 2.0 D b 13.0 ± 0.3 13.5 ± 0.5 12.6 ± 0.7 Mean Paaliaq 9.5 ± 1.2 10.0 ± 1.2 11.6 ± 1.9 9.5 ± 3.6 D Kiviuq 10.9 ± 0.6 11.4 ± 0.6 13.3 ± 1.0 8.9 ± 1.2 D a 12.2 ± 1.1 12.9 ± 1.2 17.1 ± 2.0 7.8 ± 2.8 D b 11.8 ± 0.6 14.1 ± 0.8 8.8 ± 1.1 Mean Ijiraq 17.5 ± 0.8 19.5 ± 0.9 25.4 ± 1.4 11.2 ± 2.0 MR Ymir 7.4 ± 0.8 7.4 ± 0.7 9.9 ± 1.7 5.0 ± 2.0 D a 6.0 ± 1.3 6.1 ± 1.2 6.9 ± 2.1 5.6 ± 2.8 D b 8.1 ± 0.5 10.0 ± 0.9 5.0 ± 1.4 Mean Skathi 5.3 ± 2.7 5.2 ± 2.8 2.8 ± 4.5 8.9 ± 6.0 P Thrymr −2.6 ± 2.2 −3.0 ± 2.7 C Suttungr −3.1 ± 2.0 −3.2 ± 2.2 C Mundilfari −6.7 ± 2.0 −5.0 ± 1.9 −1.4 ± 3.1 −11.7 ± 4.0 C Phoebe −2.6 ± 0.3 −2.5 ± 0.4 −2.5 ± 0.7 −2.8 ± 0.8 C 1) Re-reduction of observation reported in Grav et al. (2003) and Grav et al. (2003) are plotted. Figure 2 : The observed colors for the Inuit family. Both the values from this work, as well as values from and Grav et al. (2003) are plotted. Figure 3 : The observed colors for the retrograde Saturnian satellites. Both the values from this work, as well as values from and Grav et al. (2003) are plotted. 1, 0) and G, for the three Gallic satellites. The best fit (solid line) and error bars (gray lines) are given. Figure 9 : The available observations are used to determine the IAU phase curve parameters, H(1, 1, 0) and G, for the three Inuit satellites. The best fit (solid line) and error bars (gray lines) are given. Figure 10 : The available observations are used to determine the IAU phase curve parameters, H(1, 1, 0) and G, for the three Nordic satellites. The best fit (solid line) and error bars (gray lines) are given. Figure 11 : The spectral slope distributions of several possible origin populations for the Saturnian irregular satellites compared to the distribution found for the irregular satellites in this paper. The ultrared material found in the Centaurs and KBOs does not seem to be present in the Saturnian irregular satellite population. However, the satellites do generally match the bluer component of the Centaurs. 
